1. Introduction {#sec1}
===============

Zika virus (ZIKV), first isolated from a rhesus monkey in the Zika forest of Uganda in 1947 ([@bib10]; [@bib36]), is a mosquito-borne, single-stranded, positive-sense RNA arbovirus, and a member of the *Flavivirus* family ([@bib40]). The ZIKV genome encodes three structural proteins (C, prM/M, and E) and seven nonstructural (NS) proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5) ([@bib13]). ZIKV infection has been associated with several central nervous system diseases, such as Guillain-Barré syndrome, and meningoencephalitis, which are especially harmful to the immature nervous system, and could cause congenital microcephaly in the offspring of pregnant woman ([@bib33]). Scientists have been working on anti-ZIKV research, and most research on drugs is mainly focused on antibody drugs, small-molecule compounds and peptide drugs. Many vaccine candidates have been identified in clinical research, such as DNA vaccines, mRNA vaccines, inactivated virions and viral vectors ([@bib9]). However, vaccination may cause important issues, such as antibody-dependent enhancement (ADE), and recent FDA approved drug screenings have indicated that many drugs can effectively suppress ZIKV, including candesartan cilexetil ([@bib29]), pinocembrin ([@bib23]), aurintricarboxylic acid ([@bib32]), ribavirin and sofosbuvir. However, how to protect pregnant women safely and effectively poses a substantial challenge for the development of small-molecule drugs. Although ribavirin can effectively inhibit ZIKV replication ([@bib19]), it is not yet widely available because it could cause haemolytic anaemia when administered orally over a long term ([@bib37]). Research has reported that sofosbuvir can also inhibit ZIKV infection ([@bib35]), but it is not suitable for use in developing countries because of its cost ([@bib2]).

Lycorine is a benzyl phenethylamine alkaloid, first isolated from *Narcissus pseudonarcissus* in 1877, and ^its^ ^the^ structure was elucidated in 1956 ([@bib20]). Diverse biological properties have been shown for lycorine, including anticancer ([@bib22]), antiplasmodial ([@bib4]), antitrypanosomal ([@bib41]), anti-inflammatory ([@bib8]), and emetic ([@bib21]) properties. Lycorine has also been reported to demonstrate broad-spectrum inhibitory activities against several viruses, such as poliovirus ([@bib15]), severe acute respiratory syndrome-associated coronavirus (SARS-CoV) ([@bib25]), herpes simplex virus (type 1) ([@bib34]), bunyaviruses, Punta Toro virus, and Rift Valley fever virus ([@bib11]).

Based on our experiments, lycorine may exert potent and effective antiviral activity against ZIKV replication by restraining RdRp activity. In addition, lycorine inhibits hepatitis C virus (HCV) replication by inhibiting the expression of hsc70 in host cells ([@bib6]). Enterovirus 71 (EV71) is suppressed by treatment with lycorine, which interferes with viral polyproteins during elongation ([@bib28]). Furthermore, lycorine inhibits the translocation of the ribonucleoprotein complex from the nucleus in the early stages of influenza virus H5N1 single-cycle and multicycle replication ([@bib14]). In the present study, we assessed the anti-ZIKV activity of lycorine *in vitro* and *in vivo*. This comprehensive assessment provided new candidate inhibitors to effectively treat ZIKV infections.

2. Materials and methods {#sec2}
========================

2.1. Cells, viruses, and compounds {#sec2.1}
----------------------------------

Vero (African green monkey kidney), Huh7 (hepatocellular carcinoma cells) and A549 (human alveolar basal epithelial adenocarcinoma) cells were grown and maintained in Dulbecco\'s modified Eagle's medium (DMEM, Thermo Fisher Scientific, Waltham, USA) at 37 °C in 5% CO~2~. Drugs were dissolved in 100% dimethylsulfoxide (DMSO, Amresco, Washington, USA) and subsequently diluted in culture medium before each assay. Lycorine (purity \> 98%) was purchased from Baoji Chen Guang Biotechnology Company. Asian ZIKV (ZIKV KU963796) was a gift from the Guangdong Provincial Center for Disease Control and Prevention. All cell experiments were performed under the Biological^safety\ level-2^ ^Safety\ Level-2^ (BSL-2) Laboratory.

2.2. Cytotoxicity measurement {#sec2.2}
-----------------------------

Cells were grown at 6 × 10^3^ cells/well in 96-well culture plates and treated with different concentrations of drug. The control group was treated with an equal volume of DMSO. After 48 h, 10% CCK8 reagent was added to each well, the plate was incubated for 1 h and absorbance values were determined at 450 nm. CC~50~ was calculated as the compound concentration required to reduce cell viability by 50%.

2.3. Anti-ZIKV assay {#sec2.3}
--------------------

Cells were seeded at 2 × 10^5^ cells/well in 12-well culture plates, and different concentrations of lycorine were added to each well for 2 h. Then, each well was infected with ZIKV at a multiplicity of infection (MOI) of 0.1 for 2 h and incubated until 48 h post infection (hpi). Cells were used to quantitate the vRNA load using qRT-PCR. EC~50~ was calculated as the compound concentration required to reduce viral yields by 50%.

2.4. Immunofluorescence assay {#sec2.4}
-----------------------------

Vero cells were infected with ZIKV at an MOI = 0.1 and treated with lycorine or DMSO. At 48 hpi, the cells were subsequently fixed with 4% paraformaldehyde (Biosharp, Shanghai, China) for 15 min. After fixation, the cells were permeabilized with wash buffer (PBS+0.1% BSA) containing 0.2% Triton X-100 (Amresco, Washington, USA) for 5 min. Then, the cells were blocked with 5% BSA (Beyotime, Jiangsu, China) for 30 min, and the blocking solution was aspirated. The cells were then incubated with the mouse anti-pan flavivirus envelope protein mAb 4G2 (Millipore, Massachusetts, USA) at 4 °C overnight, washed, and incubated with fluorescen-conjugated secondary antibodies at room temperature for 30 min. Cell nuclei were stained using 4',6'-diamidino-2-phenylindole (DAPI, Abbkine, Beijing, China) for 5 min in the dark and imaged by confocal microscopy (Leica, Wetzlar, Germany).

2.5. Plaque forming assay {#sec2.5}
-------------------------

Vero cells incubated overnight (2 × 10^5^ cells/well) in a 12-well plate were infected with supernatant for 2 h at 37 °C. After incubation, the inoculum was removed, and the cells were immediately replenished with plaque medium supplemented with 1% methylcellulose (Sigma, Saint Louis, USA). Infected cells were incubated for 7 days. After incubation, the plaque medium was removed, and the cells were fixed and stained with 4% formaldehyde and 0.5% crystal violet.

2.6. Time-of-addition assay {#sec2.6}
---------------------------

Vero cells were seeded in a 12-well plate overnight, and then infected with ZIKV at an MOI = 0.1. Lycorine was added to the well 2 h prior to virus infection or at 0, 1, 2, 4, 6, and 10 hpi, and incubated for up to 48 hpi. Cells were used to quantitate the vRNA load using qRT-PCR. Supernatants were collected for the plaque forming assay.

2.7. Time-of-removal assay {#sec2.7}
--------------------------

Time-of-removal assay was performed as previously described ([@bib38]). Vero cells were infected with ZIKV and either lycorine or DMSO was added at 6 hpi. The level of vRNA synthesis in the presence or absence of drugs was then monitored for up to 24 hpi. Next, the drugs were added at 24 hpi, and the kinetics of ZIKV replication were monitored for an additional 12 h. Cells were used to quantitate the vRNA load using qRT-PCR.

2.8. Detection of ZIKV strand specific RNA by qRT-PCR {#sec2.8}
-----------------------------------------------------

Positive- and negative-strand RNA quantification was conducted as previously described with minor modifications([@bib26]). Lycorine (1 μM) and DMSO were added to the culture medium at 24 hpi, and Vero cell was collected at 0, 4, 12, and 24 h for qRT-PCR. The sequences "GGAGGATTCCGGATTGTCAAT" and "TGCCGTGAATCTCAAAAAGGC" were used to obtain cDNA from the negative- (-RNA) and positive-strand (+RNA) RNA, respectively, and qRT-PCR was then performed with primers for strand-specific RNA detection.

2.9. Cellular thermal shift assay (CETSA) {#sec2.9}
-----------------------------------------

CETSA was conducted as previously described with minor modifications ([@bib43]). Briefly, Vero cells were harvested and rinsed with PBS, and then resuspended in detergent-free buffer (25 mM HEPES, pH 7.0, 20 mM MgCl~2~, 2 mM DTT) supplemented with protease inhibitors and phosphatase inhibitor cocktail. The cell suspensions were lysed via ultrasound, and subjected to centrifugation at 20,000×*g* for 20 min at 4 °C to separate the soluble fraction from the cell debris. For the CETSA melting curve experiments, the cell lysates were diluted in detergent-free buffer and divided into two aliquots, before being treated with or without 20 μM lycorine. After 30 min of treatment at room temperature, each sample was divided into 12 small aliquots at 50 μL/tube, heated individually at different temperatures for 3 min, and immediately cooled for 3 min at room temperature. The heated cell extracts were centrifuged at 20,000×*g* for 20 min at 4 °C to separate the soluble fractions from the precipitates. After centrifugation, the supernatant was analysed by ^Western^ ^western^ blotting with an anti-NS5 antibody. The relative chemiluminescence intensities of each sample at different temperatures were used to generate the temperature dependent melting curve. The apparent aggregation temperature (T~agg~) value was calculated by nonlinear regression.

2.10. *In vitro* RNA polymerase assays {#sec2.10}
--------------------------------------

*In vitro* RNA polymerase assays were conducted as previously described ([@bib43]). The RNA polymerase assay kit was purchased from Profoldin (Hudson, MA). RNA synthesis assays were performed in 10 μL reactions according to the manufacturer's instructions. After 23 ng of purified ZIKV NS5 was added to a 384-well small-volume plate in 3 μL serial dilutions of lycorine were added to the wells in 3 μL. The mixtures were preincubated for 30 min at room temperature. A master mix containing single-stranded polyribonucleotide,10 μM NTP mix, 20 mM Tris--HCl (pH 8.0), 1 mM DTT, and 8 mM MgCl~2~ was added to each well in 4 μL. The reactions were incubated at 37 °C for 1 h and then halted by the addition of 10 μL of fluorescent dye. The fluorescence intensities (E~x~ = 485 ± 5, E~m~ = 535 ± 10 nm) were measured using a Tecan plate reader.

2.11. Molecular docking {#sec2.11}
-----------------------

ZIKV RdRp crystal structures were obtained from the Protein Data Bank (PDB). Three-dimensional ligand structures were obtained from the PubChem Compound database and converted into the PDB format using OpenBabel (version 2.4.1). Chem3D Ultra (version 8.0) was used to optimize the ligand structures. Target proteins and optimized ligands were prepared by MGL Tools (version 1.5.6). The binding site and flexible amino acid residues were defined based on previously reported literature. Auto Dock Vina (version 1.1.2) was used in this project to conduct molecular docking analyses. Finally, MGL Tools and Discovery Studio (version 2016) were used to analyse the binding energy and visualize the ligand-protein interactions.

2.12. RNA isolation and qRT-PCR {#sec2.12}
-------------------------------

Cellular vRNA was isolated using a standard protocol (CWBIO, Guangzhou, China), and qRT-PCR assays were performed using SYBR Green (BIO-RAD, California, USA) according to the manufacturer's protocol. Viral RNA expression was calculated using the 2-delta delta CT (cycle threshold) method normalized to GAPDH expression. The absolute animal blood sample copy numbers were derived from the CT values, by reference to a standard curve.

2.13. Western ^blottingblot^ analysis {#sec2.13}
-------------------------------------

Cells were lysed in CO-IP lysis buffer and centrifuged at 12000×*g* for 10 min at 4 °C. Proteins were analysed by SDS-PAGE and then transferred to PVDF membranes (Bio-Rad, California, USA). The membranes were blocked with 5% slim milk solution for 1 h and then incubated overnight at 4 °C with primary antibodies. They were then incubated with corresponding secondary antibodies for 1 h. The protein signal was visualized and captured using ECL ^Western^ ^western^ blot reagent (Bio-Rad, California, USA). Antibodies used to detect the protein expression levels of ZIKV NS5, and E and antibodies for GAPDH were all ordered from Gene Tex (Southern California, USA).

2.14. Animal experiments {#sec2.14}
------------------------

This study was approved by the Ethics Committee of Guangzhou University of Chinese Medicine (20190807003). AG6 mice was a gift from Professor Zhao Jincun, State Key Laboratory of Respiratory Diseases, Guangzhou Medical University, China. Four-to five-week old (average 13--15 g), AG6 mice (n = 6 per group) were infected with 3.3 × 10^6^ PFU ZIKV via their footpad, and treated with lycorine (DMSO stock solution diluted with 0.5% carboxymethyl cellulose) at 1, 5, or 10 mg/kg or with an equal volume of 0.5% carboxymethyl cellulose with DMSO. After viral challenge, the treatment was continued for 14 days by intragastric administration. At 1, 3 and 7day post infection (dpi), peripheral blood was taken from the mouse eyeball by retro-orbital puncture for the viremia assay. Brain tissues were collected and the vRNA load was determined by RT--qPCR. Liver and brain tissues were enucleated for pathological section analysis. All animal infection experiments were performed under the Animal Biological ^Safety^ Level-2 (ABSL-2) Laboratory.

2.15. Statistical analysis {#sec2.15}
--------------------------

Statistical analysis was performed using GraphPad Prism 8. Data are reported as the means ± SD. Viral RNA significance analysis was performed using one-way ANOVA, followed by Dunnett's test. P values are indicated in the corresponding figure legends. P values \< 0.05 were considered statistically significant.

3. Results {#sec3}
==========

3.1. Quantification of the anti-ZIKV effect of lycorine {#sec3.1}
-------------------------------------------------------

To assess the inhibitory properties of lycorine ([Fig. 1](#fig1){ref-type="fig"} A), qRT-PCR and plaque forming assay revealed that lycorine inhibits intracellular RNA synthesis and extracellular virion formation ([Fig. 1](#fig1){ref-type="fig"}B). Lycorine inhibited plaque formation partially at a concentration of 0.5 μM, and completely at 5 μM ([Fig. 1](#fig1){ref-type="fig"}C). Western blotting was performed, after treating Vero cells with 0.01 to 10 μM lycorine. As shown in [Fig. 1](#fig1){ref-type="fig"}D, lycorine treatment caused a dose-dependent reduction in the ZIKV protein, and ZIKV envelope biosynthesis was significantly reduced in lycorine-treated cells in a concentration-dependent manner ([Fig. 1](#fig1){ref-type="fig"}E).Fig. 1Dose-dependent inhibition of ZIKV infection by lycorine. (A) The structure of lycorine. (B) Lycorine inhibition of intracellular RNA formation was determined by qRT-PCR, and extracellular virion release was determined by the plaque forming assay. (C) Lycorine inhibition of plaque formation was determined by the plaque forming assay. (D) After ZIKV infection, Vero cells were treated with different concentrations of lycorine and viral protein was detected by ^Westernwestern^ blotting. (E) The antiviral activity of lycorine against ZIKV was determined by an immnofluorescence assay. Cell nuclei were stained with DAPI (blue). Envelope protein was immunostained with an anti-panflavivirus envelope monoclonal antibody (4G2). The envelope protein is indicated in green. . (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)Fig. 1

3.2. Evaluation of antiviral compounds in different cell types {#sec3.2}
--------------------------------------------------------------

Brequinar, a known pyrimidine synthesis inhibitor, inhibits de novo biosynthesis of uracil nucleotides by inhibiting cellular dihydroxyorotate dehydrogenase (DHODH). Brequinar has strong antiviral activity in viral RNA production and progeny virus production. ZIKV shows the highest sensitivity and low toxicity to brequinar (EC~50~ values of 0.08 μM; CC~50~\>50 μM) ([@bib1]). Therefore, brequinar was used as positive control. The cytotoxicities and inhibitory activities of lycorine and brequinar in Vero, A549 and Huh7 cells was determined by CCK8 (Dojindo, Kumamoto, Japan) and qRT-PCR, respectively. The cytotoxic concentration 50% (CC~50~) values and 50% inhibition concentration (EC~50~) values in Vero cells, A549 cells and Huh7 cells were shown in [Table 1](#tbl1){ref-type="table"} . Thus, we concluded that lycorine is a potent inhibitor of ZIKV infection in multiple cell types.Table 1Cell cytotoxicity and antiviral activity of lycorine and brequinar.Table 1Cell lineCC~50~ (μM)Lycorine EC~50~ (μM)SICC~50~ (μM)Brequinar EC~50~ (μM)SIVero210.3954\>500.022\>2272A5494.290.2219.5\>500.046\>1086Huh74.40.2220\>500.006\>8333[^2]

3.3. Time-of-addition assay and mechanism of action study of lycorine {#sec3.3}
---------------------------------------------------------------------

Time-of-addition assay was used to clarify which step of the ZIKV life cycle is affected by lycorine. The qRT-PCR results showed that 1 μM lycorine displayed the strongest ability to decrease the vRNA and viral progeny particle load between -2 and 10 hpi ([Fig. 2](#fig2){ref-type="fig"} A). Analysis of the infectious viral proteins in the cells revealed that lycorine reduced viral protein synthesis ([Fig. 2](#fig2){ref-type="fig"}B), which coincides with postentry events in the ZIKV replication cycle. Therefore, we hypothesized that lycorine interferes with the translation and replication of vRNA, and we performed Time-of-removal assay to test this hypothesis. First, lycorine was added at 6 hpi, prior to any significant vRNA synthesis. Compared to DMSO treatment, lycorine treatment fully abrogated vRNA synthesis ([Fig. 2](#fig2){ref-type="fig"}C). Next, we added lycorine at 24 hpi and monitored the kinetics of ZIKV replication for an additional 12 h. At this point, viral replication compartments in infected cells are already established. As shown in [Fig. 2](#fig2){ref-type="fig"}D, lycorine had no effect on vRNA under these conditions. We also observed similar results for the viral protein level with vRNA ([Fig. 2](#fig2){ref-type="fig"}E--2F). Virus E protein was reduced by 52% and NS5 protein was reduced by 89% after 24 h of viral infection ([Fig. 2](#fig2){ref-type="fig"}G--2H). Lycorine was added at 24 hpi, no significant difference in viral E and NS5 protein reduction ([Fig. 2](#fig2){ref-type="fig"}I--2J). Therefore, we verified that lycorine inhibits the translation and replication of vRNA.Fig. 2Lycorine time course and mechanism of action study. (A) Time-of-addition assay. Lycorine (1 μM) was added at -2, 0, 1, 2, 4, 6 and 10 hpi. At 48 hpi, vRNA was measured by qRT-PCR. (B) Viral protein synthesis was determined by ^Westernwestern^blotting. (C) Time-of-removal assay. At 6 hpi, cells were treated with 1 μM lycorine, and vRNA was monitored every 3 h vRNA was measured by qRT-PCR. (D) At 24 hpi, cells were treated with 1 μM lycorine, and vRNA was monitored every 6 h vRNA was measured by qRT-PCR. (E) Western blot analysis of viral protein expression in at 6 hpi. (F) Western blot analysis of viral protein expression in ZIKV-infected Vero cells after 24 h. (G--H) The intensity quantitation of E and NS5 protein of [Fig. 2](#fig2){ref-type="fig"}E. (I--J) The intensity quantitation of E and NS5 protein of [Fig. 2](#fig2){ref-type="fig"}F. P ≤ 0.01 (\*\*), P≤0.001 (\*\*\*), and P ≤ 0.0001 (\*\*\*\*).Fig. 2

3.4. Lycorine targets the synthesis of ZIKV strand specific RNA {#sec3.4}
---------------------------------------------------------------

To test the effect of lycorine on the synthesis of positive- and negative-stand RNA, vRNA was isolated for the quantification of positive-and negative-strands. The levels of both positive- and negative-sense vRNA were decreased in lycorine treated cells compared to control cells. We compared the efficiency of vRNA synthesis inhibition and found that treated with lycorine inhibited negative- and positive-sense vRNA synthesis by approximately 95% and 93%, respectively ([Fig. 3](#fig3){ref-type="fig"} A and B). These observations suggest that lycorine inhibits the synthesis of positive and negative chains during viral replication ([Fig. 3](#fig3){ref-type="fig"}C).Fig. 3Lycorine suppresses ZIKV replication by inhibiting the synthesis of positive- and negative-strand vRNA.Lycorine (1 μM) and DMSO were added to the culture medium at 24 hpi, and the cell were collected at 0, 4, 12, and 24 h for qRT-PCR. (A) Positive-strand RNA. (B) Negative-strand RNA. (C) Efficiency of lycorine on the inhibition of positive-and negative-strand RNA calculated based on the results presented in panels A and B. Data were shown as means ± SD.Fig. 3

3.5. Lycorine binds to ZIKV NS5 and inhibits RdRp activity {#sec3.5}
----------------------------------------------------------

CETSA was carried out to examine the direct interactions between lycorine and NS5. T~agg~ values of NS5 in Vero cell lysates were measured in the absence or presence of lycorine at temperatures ranging from 33 to 53.8 °C ([Fig. 4](#fig4){ref-type="fig"} A). The CETSA showed that lycorine treatment increased the thermal stability of NS5, markedly increasing the T~agg~ of the NS5 protein from 44.6 to 47.8 °C ([Fig. 4](#fig4){ref-type="fig"}B). These results confirmed that lycorine binds directly to NS5 and protects it from thermally induced aggregation. To further explore whether lycorine inhibits RdRp activity, we performed *in vitro* RNA polymerase assays and found that lycorine directly inhibited RdRp activity in a dose-dependent manner ([Fig. 4](#fig4){ref-type="fig"}C). Molecular modelling and docking studies further showed the structural basis of the lycorine binding interactions with ZIKV RdRp ([Fig. 4](#fig4){ref-type="fig"}D). The predicted binding model revealed that lycorine preferably bound to the finger domains of RdRp. Together, these results indicated that lycorine targets NS5 and potently inhibits RdRp activity.Fig. 4Lycorine binds to ZIKV NS5 and inhibits RdRp activity. (A) Western blotting showing the ZIKV NS5 CETSA binding assay in the presence or absence of 20 μM lycorine at different temperatures. (B) The NS5 band intensities in the CETSA were quantified and expressed as the means ± SD; n = 3. (C) Dose-response curve showing the inhibitory effect of lycorine treatment on the RdRp activity of recombinant ZIKV NS5 enzyme. 2\'CMA (25 μM) was used as a positive control. (D) Predicted model of lycorine binding to ZIKV NS5 RdRp. The RdRp is shown in yellow and the MTase is shown in red. Lycorine binding at the sites are depicted as sticks. A close-up view of the hydrogen-binding interactions of lycorine at the RdRp site is shown. Data were shown as means ± SD. . (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)Fig. 4

3.6. Lycorine protects mice against lethal ZIKV challenge {#sec3.6}
---------------------------------------------------------

After infection, mice were treated with lycorine at 1, 5, and 10 mg/kg or with DMSO. As shown in [Fig. 5](#fig5){ref-type="fig"} A, the ZIKV group displayed a 100% mortality rate. By 9 dpi, mice in the ZIKV group began to succumb to the infection. In contrast, treatment with lycorine (10 mg/kg) protected against ZIKV infection-induced death by 83%. Lycorine treatment at doses of 5 mg/kg or 1 mg/kg enhanced the survival rates of mice to 66% and 33%, respectively. Mice in the lycorine and ZIKV groups began to lose weight by 5 dpi, those in the lycorine group recovered until 9 or 10 dpi, while those in the ZIKV group did not ([Fig. 5](#fig5){ref-type="fig"}B). Viral RNA levels in the blood were quantified in all groups at 1,3 and 7 dpi. In our assay, viremia was observed from 1 dpi, with the highest levels being observed at 3 dpi, however the levels of viremia decreased at 7 dpi. Treatment with 1 mg/kg lycorine inhibited viral replication, but did not prolong the survival times of mice to the same extent as treatment with 5 mg/kg and 10 mg/kg lycorine. The levels of vRNA in the lycorine group were one order of magnitude lower than those in the ZIKV group at 1,3 and 7 dpi. As the concentration of the drug increased, the effect was more pronounced ([Fig. 5](#fig5){ref-type="fig"}C--5E). The vRNA load in the brain and liver of mice was performed by RT-qPCR. The experiment showed that 10 mg/kg lycorine reduce the vRNA of brain tissue about three orders of magnitude. 5 mg/kg lycorine reduce the vRNA of brain tissue about one order of magnitude, while 1 mg/kg was not significant difference. As for liver tissue, 10 and 5 mg/kg lycorine reduce the vRNA of liver about one and half order of magnitude, respectively. 1 mg/kg was not significant difference. ([Fig. 5](#fig5){ref-type="fig"}F--G). Next, we characterized the histopathological lesion changes in the brain and liver by haematoxylin & eosin staining. In the liver tissue, the cells in the ZIKV group were loosely arranged, and not in the form of strips, while cytoplasmic oedema, and hepatic sinus congestion were observed. Mice in the 10 mg/kg lycorine group displayed significantly reduced liver damage compared to those in the 5 mg/kg lycorine group. The inflammatory response of the cells was obvious in the 1 mg/kg lycorine treatment group. In brain tissues in the ZIKV group, the volume of cells was reduced, the nuclei were shrunken, voids were apparent around the cells and a nuclear membrane was present around the gap. In the 5 mg/kg and 10 mg/kg groups, lycorine significantly reduced the ZIKV-induced inflammatory response. In the 1 mg/kg group, brain tissue lesions were similar to those in the ZIKV group ([Fig. 6](#fig6){ref-type="fig"} ). Overall, these results confirmed the antiviral effect of lycorine treatment against ZIKV *in vivo*.Fig. 5Lycorine protects mice from ZIKV challenge. (A) Survival rate of mice. (B) Body weight changes of mice measured between 0 and 14 dpi. (C--E) Time-course of vRNA in the sera of the mice collected at 1, 3 and 7dpi, as measured by qRT-PCR. Ct values for the known concentrations of RNA were plotted against the logs of the genome equivalent copy numbers. The resultant standard curve was used to determine the number of ZIKV RNA genome equivalents in the samples. (F--G) Viral RNA load in brain and liver tissue. The vRNA load in brain and liver of mice was determined by RT--qPCR. Data were shown as means ± SD. P ≤ 0.01 (\*\*), P≤0.001 (\*\*\*), and P ≤ 0.0001 (\*\*\*\*).Fig. 5Fig. 6Lycorine treatment reduces pathological damage in ZIKV-challenged AG6 mice. Haemtoxylin-eosin staining of brain and liver sections from AG6 mice, The magnification is200 × .Fig. 6

4. Discussion {#sec4}
=============

ZIKV infection is a serious threat to global health, and there are currently no FDA-approved drugs or licensed vaccines available for the prevention or treatment of ZIKV infection. While antibody-based therapies have shown promise in mouse models, these drugs are expensive, in limited supply, and not validated in humans ([@bib24]). Therefore, the discovery of drugs for ZIKV infection remains a priority. In this study, we demonstrated that lycorine has effective and dose-dependent antiviral activity against ZIKV in ZIKV-permissive cell lines, demonstrating that the inhibitory effect of lycorine is not cell-type-specific. Based on the effectiveness of lycorine against ZIKV infection (SI = 54 in Vero cells, 20 in Huh7 cells and 19.5 in A549 cells) compared to that of other previously described drugs, including suramin (SI \~500 in Vero cells) ([@bib39]), BCX4430 (SI = 11.6 in Vero and 15.7 in Huh7 cells) ([@bib18]), and sofosbuvir (SI \> 52.63 in Huh7) ([@bib3]), lycorine is possibly one of the most reasonable options for the treatment of ZIKV infection.

Understanding the roles of lycorine in viral infection may provide insights for drug development. During a single cycle of flavivirus infection, vRNA translation takes place in the first 1 to 5 hpi, vRNA synthesis occurs at ≥ 5 hpi, and progeny virions are released at ≥12 hpi ([@bib5]). Time-of-addition assay can provide a preliminary understanding of the infectious phase upon which lycorine acts, and results indicate that the compound acts on postentry processes of the ZIKV replication cycle. Time-of-removal assay revealed that lycorine inhibits vRNA and viral protein synthesis at 6 hpi, but has no effect when added at 24 hpi, verifying that lycorine inhibits viral genome formation because viral genome replication requires viral proteins and vRNA.

NS proteins participate in the synthesis of both negative- and positive-sense viral genomes ([@bib7]). We also found that the synthesis of both negative- and positive-sense vRNA was significantly suppressed by lycorine treatment.

CETSA, which is used to evaluate drug binding to target proteins, is based on the biophysical principle of the ligand-induced thermal stabilization of target proteins ([@bib31]). One characteristic of the CETSA experiment is the comparison of the melting curve between the control and experimental groups, during which the protein is subjected to a panel of temperatures such that potential thermal stabilization can be assessed ([@bib16]). The T~agg~ values of NS5 ranged from 44.6 to 47.8 °C, which shows that lycorine binds to NS5 and protects its stability. NS5 is the largest nonstructural protein, and contains an N-terminal methyltransferase (MTase) domain and a C-terminal RdRp domain([@bib27]). The RdRp domain, which interacts with other viral and host factors to form a replicase complex responsible for their replication, is required for RNA synthesis and is essential for flavivirus replication. In a previous experiment, we demonstrated that lycorine inhibits the formation of vRNA. Therefore, we designed *in vitro* RNA polymerase assays to verify whether lycorine inhibits RdRp activity, and the experiment results showed that lycorine treatment inhibited RdRp activity. RdRp would be an ideal target option for anti-ZIKV infection because human host cells are devoid of RdRp ([@bib27]). Therefore, further studies are required to define the mechanism by which lycorine acts on RdRp. Lycorine inhibits HCV replication by inhibiting HSP70 ([@bib6]) and EV71A by 2A protease ([@bib12]). HSP70 participates in the formation of virus replication complexes ([@bib38]). It is possibility that lycorine may inhibit ZIKV replication by inhibiting HSP70 protein. In this assay, we showed that lycorine inhibited ZIKV replication by inhibiting the activity of RdRp by detecting RdRp activity. RdRp also play a role in the replication of ZIKV ([@bib30]). This suggests that there may be multiple targets for lycorine to inhibit ZIKV replication. 2A protease of EV71A is a homologue of dengue NS3 protein. Dengue NS3 protein is similar to ZIKV NS3 protein ([@bib17]). The NS3 protein is activated by the NS2B protein to form NS2B-NS3 proteolytic enzymes, which are involved in the cleavage of ZIKV polyprotein ([@bib42]). Because there may be multiple targets for the inhibition of ZIKV by lycorine, we performed molecular docking experiments on the possible targets. As shown in the [Table 2](#tbl2){ref-type="table"} , lycorine has the ability to bind to HSP70 and ZIKV NS3 protein, but the stability is weaker than the positive control. So in order to better clarify the effect of lycorine on HSP70 and ZIKV NS3. More experiments are needed to be.Table 2The binding energy of lycorine with ZIKV NS3 and HSP70.Table 2ZIKV NS3HSP70Lycorine−8.71−10.04ADP−13.56NTP−9.3[^3]

Animal models are reasonable tools to evaluate the efficacy of antiviral compounds *in vivo*. In our research, the differential effects of lycorine administered at 1 mg/kg, 5 mg/kg and 10 mg/kg may have been due to the fact that 1 mg/kg lycorine does not inhibit ZIKA infection-induced apoptosis and a previous study showed that ZIKV infection induces apoptosis ([@bib32]). Another possibility is that the daily administration of a high concentration of lycorine is required to prolong the survival of ZIKV-infected mice. However, the mechanisms underlying the prolonged survival and mortality outcomes of mice remain unknown. One major issues remain to be addressed for the further development of lycorine. It is a lack of knowledge about the its use of lycorine in pregnant women, and additional safety tests are thus required before lycorine can be used for the treatment of pregnant women. An improved animal model that allows a better estimation of the *in vivo* potency of lycorine, including non-human primate models, should be established for a preclinical toxicity study that may be beneficial for understanding the antiviral activity of lycorine for its use as a novel antiviral drug.

5. Conclusion {#sec5}
=============

In summary, we demonstrated that lycorine inhibits ZIKV infection *in vitro* by restraining RdRp activity. Antiviral experiments *in vivo* show that lycorine increases mouse survival and reduces viremia. Our results support lycorine as candidate drug for the ZIKV-infection treatment.

CRediT authorship contribution statement {#sec6}
========================================

**Huini Chen:** Formal analysis. **Zizhao Lao:** Formal analysis. **Jiangtao Xu:** Formal analysis. **Zhaoxin Li:** Formal analysis. **Haishan Long:** Formal analysis. **Detang Li:** Formal analysis. **Luping Lin:** Formal analysis. **Xiaohong Liu:** Formal analysis. **Liangwen Yu:** Formal analysis, Writing - original draft. **Weiyong Liu:** Formal analysis, Writing - original draft. **Geng Li:** Formal analysis, Writing - original draft. **Jianguo Wu:** Formal analysis, Writing - original draft.

Declaration of competing interest
=================================

None.

This work was generously supported by the Natural Science Foundation of Guangdong Province (2017A030313626), Excellent Young Scholars Project of the First Affiliated Hospital of Guangzhou University of Chinese Medicine (2019QN22 and 2017ZWB10), Science & Technology Planning Project of Guangzhou (201804010029), National Nature Science Foundation of China (81973549,81803813, 81730061, and 81471942), The Open Project of State Key Laboratory of Natural Medicines (SKLNMKF201906), Science & Technology Planning Project of Guangdong Province Office of Education (2014GKXM032), Program of Guangdong Natural Science Foundation of China (S201230006598), Science & Technology Planning Project of Guangdong Province Office of Education (2018KCXTD007), Key Research Projects of GZUCM First-class Universities and Top Disciplines (A1-AFD018191A17), GZUCM First-class Universities and Top Disciplines Scientific Research Team Projects (2019KYTD102), and Guangdong Province "Pearl River Talent Plan" Innovation and Entrepreneurship Team Project (2017ZT07Y580).

[^1]: These authors contributed equally to this study.

[^2]: SI: selectivity index.

[^3]: ADP and NTP was as positive control.
